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Abstract—Quality data is of decisive importance
for controlling critical cyber-physical systems. Most
common real-life systems are driven by unstructured,
decentralized, and growing amounts of data, while val-
idation requires coherent data, that is well structured,
consistent, and without ambiguities. Often, ontologies
are well-suited for capturing domain knowledge data,
deriving requirements, providing analysis, and devel-
oping applications. Still, ontological representations
fall short when it comes to formal verification and
validation, especially for large complex systems. In
this research, we suggest a fully automated approach
to transform ontology axioms, expressed in the Web
Ontology Language (OWL), to Event-B predicates. We
show, in a practical example, how bridging OWL to
Event-B can scale the validation of ontology-driven
Al systems.

Index Terms—Event-B, Formal Methods, Ontology,
OWL, Al

I. INTRODUCTION

With very large volumes of data exchanged
every day, providing automated processing

solutions is prerequisite for developing scalable sys-
tems and applications. However, such automation
- and data - at scale must be subject to rigorous
control and validation processes, especially within
evolving and domain-specific environments, where
safety and quality standards are high priority.
Putting control on living domain data is key to
any data-driven system such as artificial intelligence
(AD) implementations. Here, ontologies stand out
for capturing the data in programmable ways. On-
tologies are representations of domain knowledge
that define concepts and their relationships. They
can be used both alone or with other ontologies
and offer interoperability solutions to data hetero-
geneity problems, providing a factorization benefit
to knowledge so it can be reused in various projects.

1 Corresponding author.

[1], [2]. For that, several languages have been intro-
duced in the literature, including the Web Ontology
Language (OWL), which is one of the most used
and popular ontology representation languages [3].

But capturing data is just one part of the solution.
Building valid systems with the data needs engi-
neers and designers to prove that specific data and
functional requirements hold. That brings formal
methods to the scope. Formalization of ontologies
allows the derivation of formal requirements and
their integration into system development cycles,
resulting in better system specifications and bridg-
ing the gap between domain information - that is
updated through an ontology - and system devel-
opers who use the domain ontology’s formalized
requirements in their specifications or programs.
In the case of safety-critical systems (SCS), such
domain knowledge integration is of core importance
to limit potential risks [4].

Formal methods are about using mathematical
techniques for describing system properties, en-
abling systematic specification, development, and
validation frameworks [5]-[7]. Our research sug-
gests that advancing ontology integration with for-
mal methods is a key step towards scaling robust
and safe Al systems, and this contribution presents
a fully automated transformation framework for
OWL ontologies to Event-B (B-method), which is a
formal method for modeling and analyzing systems
at different levels of abstractions, including property
verification with mathematical proofs [8]. Our ap-
proach defines rules to each OWL/XML ontological
axiom, without the need to model the relationships
between concepts prior to their transformation,

The following section recalls some related works
on OWL combinations with the B-method, and
section 3 details the transformation approach. A
concrete example with open-source code are also
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provided next.

II. RELATED WORK

Ontologies and formal methods have been ex-
tensively investigated in the literature, separately.
Only few researchers showed interest in studying
both areas combined, and the integration of formal
ontology-derived requirements in system modeling
is still an open subject. For example, authors in
[9] presented a transformation approach for do-
main knowledge formalization in nuclear systems,
through a specific ontology, to be used in the
system’s formal model expressed in Event-B. The
model actions are transformed into an OWL ontol-
ogy and sent back to the domain experts. But this
approach has a drawback : it is focused on nuclear
domain knowledge and cannot apply to general use
cases.

Another work, in [10], proposed an approach
to derive formal requirements from a given ontol-
ogy that takes OWL/XML representations as input,
transforms them to Attempto Controlled English
(ACE) using OWL verbalizer, and then maps the
generated ACE texts into Event-B notations. ACE
is a controlled natural language which is a first-rate
logical language expressed in English that can be
interpreted by humans and machines [11]. It was
used in the OWL verbalizer project as a result of
the transformation of OWL/XML ontologies [12].
OWL verbalizer is not able however to verbalize all
OWL axioms, which considerably limits automation
options at scale.

Authors in [13] suggest the use of the ontological
languages OWL and PLIB [14], to create a Univer-
sal Modeling Languages (UML) meta-model and
combine it with SysML/KAOS, which is an engi-
neering method representing system requirements
as a hierarchy of goal, where each level corresponds
to a goal refinement [15]. The proposed meta-model
aims to overcome the lack of expressiveness in
KAOS representations with few adjustments as they
are not suited for SCS. This approach is how-
ever very complex for implementation, and requires
manual changes in the meta-model for any evolution
in the knowledge representation to keep it up to
date.

Finally, the study in [16] proposes a less complex
approach that transforms OWL ontologies to Event-
B, by introducing transformation rules related to all
ontological concepts. It takes place in three stages:
formalization, transformation, and annotation. First,
the system to be developed must be formalized in
Event-B to model its behavior. Next, the ontology
is transformed into an Event-B context using sets,
constants, and axioms. The constraints are then inte-
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grated into the context. The transformation phase is
also split into three parts : Input model, Pivot model
(PM), and Output model. The input model takes in
the ontology, extracts the ontological concepts to be
processed, and hands them to the Pivot model. The
PM contains the definitions of the generic ontolog-
ical concepts that can be processed and transforms
the specific concepts received into generic ones.
The result of this transformation is sent to the
Output model containing the transformation rules.
The approach provides a transformation rule for
each ontological concept. An updated version was
published in [17], extending the PM and adding
the option to generate a PM file. Much like the
approach in reference [13], changes in the OWL
standard will require an update of the PM as well
as adding new transformation rules. The framework
presented here is also platform-dependent, since
it works only as a plugin for Rodin, which is a
tool that supports Event-B modeling [18]. Also, the
transformation does not consider the ontology in-
stances and their relationships in the transformation.

This work falls within the framework of the re-
search project around building valid ontologies and
Al systems in the HR landscape [19], and can be
viewed as a continuation of previous model trans-
formation approaches explored in [20]-[24], [24]-
[29], which focus on enhancing the verification
oversight of complex systems by combining formal
methods such as Petri nets and the B-method. Our
contribution lies in the fact that modelling concepts
is not needed, only a set of transformation rules
are required. Compared to the works cited before
[16], [17], our approach includes instances in the
transformation, and only the concepts’ transforma-
tion rules are updated, with no model to worry about
in case an update is applied to the transformation
framework.

ITII. APPROACH
A. Transformation scheme

To explain the overall scheme of our transforma-
tion approach, a general view is presented in Fig.1,
which highlights the positioning of this work in the
entire process of formal ontology integration.

The ontology must be expressed in OWL/XML
format before providing it as input to the tool. The
tool generates a file containing the transformation
of ontology axioms. The generated Event-B axioms
are used as axioms for Context components in
Event-B modeling environment.

B. Transformation methodology

The input OWL/XML ontology undergoes two
major transformations, as shown in Fig.2. The first
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Fig. 1. Overview of the ontology formalization for AI model
validation

transformation has an intermediary role and ex-
presses each axiom as a predicate, in a format
similar to OWL FFS. This transformation allows the
axioms to be interpreted as predicates using Swi-
Prolog - which is a Programming in Logic (Prolog)
language mostly used for processing natural lan-
guages and artificial intelligence applications [30].
The intermediary transformation is followed by a
second transformation that translates each axiom to
an equivalent Event-B notation.

The transformation of OWL/XML axioms into
Swi-Prolog predicates enables the categorization of
axioms into three different types, each type requir-
ing a different processing technique and with a spe-
cific complexity level. To illustrate this we will use
the OWL/XML transformation of the well-known
Pizza ontology [31]. Table I presents examples of
the three axiom types.

C. Intermediary transformation

This part of the transformation is done in two
separate phases as well: loading the OWL/XML
ontology into a list structure and transforming its
axioms into predicates. The Swi-Prolog built-in
predicate load_structure loads an XML structure
into a list while keeping its hierarchy and all
elements unchanged. Each element of this gener-
ated list is transformed into another predicate. The
resultant list of predicates is at this stage ready to
undergo the second and final transformation.

As mentioned in the previous section, three major
types of axioms were distinguished. Type 1 axioms

can be directly translated into Event-B axioms.
They either have a value as argument such as
IRI(’pizza.owl#isToppingOf”’) or an entity such as
Declaration(Class(’Veneziana”)). Type 1 axioms
have the lowest complexity.

Type 2 axioms can take 2 or 3
arguments, which can be axioms, entities or
values. EquivalentClasses([ Class(Spiciness),

ObjectUnionOf([Class(Hot), Class(Medium),
Class(Mild)])]) is a good example of type 2
axioms, since it has an entity as its first argument
but has another axiom as its second argument.
For type 2, we provide a transformation for all
possible combinations of arguments for each
axiom: FEntity x FEntity, Entity x Azxiom,
Axiom x Entity, and Axiom x Axiom. Type
2 axioms’ complexity depends on the type of
arguments they have. Their complexity can be as
low as a type 1 axiom, or as high as a recursive
function.

Type 3 axioms are axioms that can take any
number of arguments as a list. From The Pizza
ontology, there is an example of type 3 axiom Ob-
jectUnionOf([AnchoviesTopping, ... ,TomatoTop-
ping]). These arguments can be a value, an entity,
or an axiom. To process a type 3 axiom we defined
the transformation for the axiom with 2 arguments
using type 2 definition. Then we use a call back
of the transformation for every 2 elements of the
list. Generally, Type 3 axioms have a recursive
complexity.

D. Final transformation

In this step, the OWL/XML axioms are in predi-
cate forms and will be interpreted as such by Swi-
Prolog. These predicates are mapped to Definite
Clause Grammar (DCG) rules for each OWL/XML
axiom. DCG is a Prolog formalism, for artificial
and natural language analysis and processing [32].
DCG rules results are gathered in a list which
will be processed element by element to construct
the ontology’s transformation output. The notation
Predicate/Arity will be used to refer to DCG rules.
Predicate is the name of the rule, and Arity is

TABLE I
AXIOM TYPES

OWL FSS form | Axiom(:X)

Type 1 axiom | Predicate form Axiom(X)

Example

Declaration(Class(Veneziana))

OWL FSS form

Axiom(:X :Y) and Axiom(:X :Y :Z)

Type 2 axiom | Predicate form

Axiom(X,Y) and Axiom(X,Y,Z)

Example

EquivalentClasses(Class( Spiciness),ObjectUnionOf([Class( Hot),Class(Medium),Class(Mild)]))

OWL FSS form | Axiom(:X; : X2 ...:Xp)

Type 3 axiom Predicate form Axiom([X1,X2,...,Xn])

Example

ObjectUnionOf([AnchoviesTopping, . ..,TomatoTopping])
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Fig. 2. OWL to B-method transformation approach schematic

the number of arguments. The DCG rules for the
different types are presented in Table II.

An example of type 1 DCG rules is ’Declara-
tion’/1, with ’Class’(X) as argument. By applying
this rule on Declaration(Class(Veneziana)), we
get the result as a list of elements constructing
the axioms translation. The list is then computed
element by element to get the axiom as a string.
An example of type 1 DCG rules is provided in
Listings 1.

Applying type 2 DCG rule to an axiom will
test that axiom for each possible written arguments
variations of the rule. In the example provided in
Listings 2, we have an example type 2 rule ’Sub-
ClassOf’/2 and ’ObjectIntersectionOf’/2. For
a given SubClassOf(Class(Boy), ObjectInter-
sectionOf(Class(Male),Class(Young))), the trans-
formation is going to follow the ’SubClas-
sOf’(’Class’(X),AxiomY) rule.

In this Example of Type 3 DCG rules, we
showcase the ’ObjectUnionOf’(List) example.
As mentioned earlier for type 3 axioms, we first
define a type 2 rule, ’ObjectUnionOf’/2, then
we define a type 3 rule, ’ObjectUnionOf’/1,
which calls the type 2 rule for every two
arguments of the list. ’ObjectUnionOf’/1 is
browsing through its list of arguments by a step of
two. Lets take, for instance, the axiom ObjectU-
nionOf([Class(Hot),Class(Medium),Class(Mild])),
the transformation is done according to the rule
’ObjectUnionOf’/1. An example for type 3 DCG
rules is provided in Listings 3.

’Declaration’(’ObjectProperty’(R)) and ’Dec-

laration’(’DataProperty’(R)) axioms, among oth-
ers, require special rules to be transformed correctly.
Since properties’ declarations depend on their range
and domain, they need to be collected if they
exist in the ontology and are used in the DCG
rule definition. Let’s take ’ObjectProperty’, for
instance, every *ObjectPropertyDomain’(R, Dom)
axiom is going to be tested if it has the same IRI as
the property R in the declaration, its domain Dom
is collected. If no match is found, the domain is
going to be replaced by the class Thing. The same
procedure is performed to collect the range Ran of
the property R. Once the range and property are
collected, the DCG rule property(R, Dom, Ran)
is called to generate the Event-B axiom. The DCG
rule property/3 is called using the built-in predicate
phrase/2, which collects the result in the second
argument, as shown in listings 4.

IV. CASE STUDY
A. Ontology : Employees & Skills

For simplicity, a sample ontology containing
the three axiom types is used to test and vali-
date our approach. This ontology presents a group
of employees linked to their set of skills. The
class “employee” contains a group of employ-
ees, each defined by their name and linked to
one or more skills. The Class "Competency” con-
tains sub-classes, “"Web_Development” and “Soft-
ware_Development”, each grouping a more refined
set of skills. Each employee is linked to one or more
skills by the "HasCompetency” relationship.

Fig. 3(a) shows the relationships between the
ontology instances and the property “HasCompe-
tency”, while Fig. 3(b) shows the ontology entities
and the rest of the relationships.

The ontology, in this case study, was created
using Protégé and exported in OWL/XML format.
Protégé is one of the well-known tools for ontology
creation and editing that imports/exports ontologies
in various formats [33]. Note that if the ontology
was exported in OWL format, it can be converted
to OWL/XML using the service OWL Syntax Con-

TABLE II
DCG RULES TYPES

Axiom Example

Declaration(Class(Veneziana))

Type 1 DCG rule | DCG rule result

["Veneziana’,” <: Thing’]

Output

Veneziana <: Thing

Axiom Example

SubClassOf(Class(Boy),ObjectIntersectionOf(Class(Male) ,Class(Young)))

Type 2 DCG rule | DCG rule result

[Boy’, <: C,/Male’, 7

"Young’,)']

Output

Boy <: (Male /\ Young)

Axiom Example

ObjectUnionOf([Class(Hot), Class(Medium),Class(Mild)])

Type 3 DCG rule | DCG rule result | ['(’,’Hot’,’

Vo

"Medium’,) \\/ C,Mild’;")’]

Output

(Hot \/ Medium) \/ (Mild)
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(a) HasCompetency assertions

Employees Competencies
Mobile

Apps_
Development

Jessie >
Louis

—> HasCompetency

FrontEnd

> BackEnd

(b) Entities and relationships

Employee

HasCompetency

Competency
Subclass

Subclass

Software
Development

Apps_
Developer

Mobile
Developer

—> Relationships

Fig. 3. Case Study Ontology: Employees & Competencies.

verter [34], which converts OWL to different for-
mats including OWL/XML. Furthermore, we used
Protégé’s reasoner which not only reveals inconsis-
tencies, but infers all implicit relationships, as well.
Protégé’s reasoner usage is completely optional. But
the inferred relationships provide a more complete
ontology.

B. Ontology transformation

The transformation framework takes the ontology
expressed in OWL/XML format and converts it
into equivalent Event-B axioms as shown in Fig.
4. To make the generated Event-B axioms easily
adaptable for different Event-B modeling platforms,
we chose to express each Event-B construct in
ASCII form.

C. Requirements integration

The transformed axioms can be integrated into
an Event-B modeling tool as contexts. Here we
are using the Rodin tool, supporting analysis and
verification functionalities that can be expanded by
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Fig. 4. Transformation results.

additional plug-ins [18]. Note that other tools such
as Atelier B can be used as well.

For clarity purposes, we separated the context
into two sub-contexts. The first one is ctx (Fig.
5(a)), and the second one ctx_I (Fig. 5(b)) extend-
ing from ctx. And we divided the DifferentIndi-
viduals equivalent generated axiom (Fig. 5(b)), into
two axioms : axiom16 and axioml17.

Let’s suppose we would like to undertake some
internal adjustments in our organization, by re-
moving all employees with “FrontEnd” skills and
relocating them elsewhere. To get all our ontology
requirements, we’ll use ctx_I (extends ctx) in our
machine model. The machine mach (Fig. 5(c)),
groups all employees with the “FrontEnd” devel-
opment skills in a new set, and removes them from
the employees set.

V. CONCLUSION & PERSPECTIVES

In this paper, we presented an approach automat-
ing the transformation of concepts from an OWL
ontology into Event-B axioms. Each axiom of the
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(a) Context ctx predicate form. The second transformation trans-

(b) Context ctx_1 (extends ctx)

Frank ) » ( Mobile Development )e( HasCompetency ) not theorem
Apps_Development ) » ( Jessie )=( HasCompetency ) not thecrem
(Louis )} » ( FrontEnd)e( HasCompetency ) not theorem 1]
( Mark ) » ( BackEnd Je( HasCompetency ) not theorem

( Mark ) » ( Frontend )e( HasCompetency ) not theorem

dem( HasCompetency )= Employee not theorem

ran( HasCompetency )= Competency not theorem

( Mobile_Development Je( Software_Development ) not theorem

Jessle # Mark A Louls # Mark a Frank # Jessie not theorem

Frank # Louis » Frank # Mark a Jessie # Louis not theorem
( Apps_Development )e( Competency ) not theorem

( Backind )e( Competency ) not theorem

( Mobile_Development Je( Competency ) not theorem

( Frontend )=l Competency ) not theorem

Employee c HasCompetency~[Competency] not theorem 2]

3
(¢) Machine mach (sees ctx_1) B3]

MACHINE

mach [4]

L ckx 1
VARIABLES
[ xt

xfcEmployee not theorem [5]
xb € Thing not theorem

EVENTS
0 INITIALISATION: not extended ordinary
THEN
0 a xf =&
0 a xb=Employee [6]
END
FrontEnd Employees: not extended ordinary

ANY

yy € Employee not theorem

yy»FrontEnd € HasCompetency not theorem
[7]
xf = xf v {yy}
xb = xb \ {yy}

END

[8]
Fig. 5. Ontology-derived Context & Machines. [9]

input ontology goes through two major transfor-
mations. The first transformation, which is inter-
mediary, transforms the axiom into a Swi-Prolog

[10]
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CoNTEXT lates it to an Event-B axiom using predefined DCG
ctx . .
= rules. The framework includes instances as well as
J ng . . . . .
ol relationships in the transformation process, which
LooMark maintains the integrity of the ontology knowledge.
Frank Our approach requires only the definition of DCG
oot transformation rules for each given axiom facili-
Hobale_bevelopment tating the addition, modification and the deletion
d .
Softwara_Development of transformation rules. The framework’s generated
Employee . . .
' Jascometency Eve'nt-B axioms are 1p ASCII form, making them
f  axml: Competency & Thing not theorem easily adaptable for different modeling platform.
axm2:  Software_Development ¢ Thing not theorem . . .
axu3:  Enployee” C Thing not theoren Future work will focus on implementing such
axm4:  Web_Development c Thing not theorem . . .
axms:  HasCompetency = Employee «— Competency not theorem a transformation into a further deep reinforcement
axm6:  Apps_Development e Thing not theorem
axn7:  BackEnd e Thing not theorem learning framework, combining OWL, B-method
axm@: Frank e Thing not theorem ’ ’
*H Frontend e Th t theor 1 1 1
Snio: Hobile Development < Thing not theoren and CPN formalisms, with the purpose of intro-
oy Mk e Tt o ducing a preliminary approach to controlling Al
R ——r— systems in a formal setup, using ontology as a

requirement representation.
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1 | 'Class'(X) ——> [X].

3 | 'Declaration'('Class'(X)) ——> 'Class'(X),[' <: Thing'].

Listing 1. Type 1 DCG rules: Swi-Prolog code snippet

'Class'(X) —> [X].

'SubClassOf'('Class'(X),'Class'(Y)) ——> 'Class'(X),[' <: "],'Class'(Y).
'SubClassOf'('Class'(X),AxiomY) ——> 'Class'(X),[' <: ('],AxiomY,[")].
'SubClassOf'(AxiomX,'Class'(Y)) ——> ['('],AxiomX,[") <: '],'Class'(Y).
'SubClassOf'(AxiomX,AxiomY) ——> ['('],AxiomX,[') <: ('],AxiomY,[)'].

'ObjectlntersectionOf'('Class'(X), Class'(Y)) ——> 'Class'(X),[' /\\ '1,'Class'(Y).
'ObjectlntersectionOf'('Class'(X),AxiomY) ——> 'Class'(X),[' /\\ ('], AxiomY,[")].
'ObjectlntersectionOf' (AxiomX,'Class'(Y)) ——> ['(1,AxiomX,[") /\\ '],'Class'(Y).
'ObjectIntersectionOf (AxiomX,AxiomY) ——> ['(l,AxiomX,[) /\\ (],AxiomY,[")'].

— OOV JIN WA W —

—_—

Listing 2. Type 2 DCG rules: Swi-Prolog code snippet

'Class'(X) —> [X].

'ObjectUnionOf'('Class'(X),'Class'(Y)) ——> 'Class'(X),[' <: '],'Class'(Y).
'ObjectUnionOf'('Class'(X),AxiomY) —> 'Class'(X),[' <: ('], AxiomY,[")'].
'ObjectUnionOf'(AxiomX,'Class'(Y)) —> ['('],AxiomX,[') <: '], 'Class'(Y).
'ObjectUnionOf'(AxiomX,AxiomY) —> ['('],AxiomX,[') <: ('],AxiomY,[")].

'ObjectUnionOf'([J)——> [].

'ObjectUnionOf' ([ X])——> X.

'ObjectUnionOf'([X,Y])——> 'ObjectUnionOf (X,Y).

'ObjectUnionOf' ([X,Y|Tail])-—> ['('],'ObjectUnionOf'(X,Y),[") \\/ ('], ’ObjectUnionOf'(Tail),[")'].

— OO0 IN N AW —

—_—

Listing 3. Type 3 DCG rules: Swi-Prolog code snippet

dcg('Declaration'('ObjectProperty'(R)),AM,T):-propDom(T,R,Dom),propRan(T,R,Ran),
phrase(property(R,Dom,Ran),AM),!.

'Declaration'('ObjectProperty'(R))=—>R,[' : Thing <-> Thing'],!.

propDom([],_,_):-!.
propDom(['ObjectPropertyDomain'('ObjectProperty'(R),Dom)|_],R,Dom).
propDom(['DataPropertyDomain’('DataProperty'(R),Dom)|_],R,Dom).
propDom([_|T],R,Dom):-propDom(T,R,Dom).

O 001NN A W —

11 | propRan([],_,_):-!.

12 | propRan(['ObjectPropertyRange'('ObjectProperty'(R),Ran)|_],R,Ran):-!.
13 | propRan([ DataPropertyRange'('DataProperty'(R),Ran)|_],R,Ran):-!.

14 | propRan([_|T],R,Ran):-propRan(T,R,Ran).

17 | property(R,[],[1)-—>'Declaration'('ObjectProperty'(R)).
18 | property(R,Dom,[])——>R,[' : '],Dom,[' <—> Thing'],!.
19 | property(R,[],Ran)—>R,[" : '],['Thing <-> ',Ran,!.
20 | property(R,Dom,Ran)-—>R,[' : '],Dom,[" <-> '],Ran,!.

Listing 4. ObjectProperty DCG rules: Swi-Prolog code snippet
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